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Abstract 
Ground-penetrating radar (GPR) is used in this study to delineate the extent and internal structure of a large 
late Holocene buried shell matrix site at Thundiy, Bentinck Island, northern Australia. Shell matrix sites 
comprise a key component of the coastal archaeological record. The extensive nature of many shell matrix 
sites presents challenges for archaeological sampling regimes. While large-scale excavation is undesirable 
and impractical, limited test pits often represent only a tiny fraction of large shell deposits and are rarely 
considered representative. This study transforms GPR data into three-dimensional models which form the 
basis of deposit volume estimates. Volume estimates are evaluated against excavation data to test their 
accuracy. Results demonstrate that this novel methodology can generate accurate three-dimensional 
representations of buried shell matrices and highly accurate volume estimations with error margins of 
3.5%±7%. It is recommended, though, that more inclusive error margins of 19.5%±17% are used to account 
for potential error, especially where results cannot be verified. This greater understanding of the extent and 
structural variability of deposits can be utilised to create robust sampling strategies for excavation. The 
methodology could also be further employed to enhance comparative regional studies and to add to 
conservation and management practices of buried shell matrix sites. If applied more widely this methodology 
will not only benefit our understanding of shell matrix deposits but also the wider archaeological record of 
coastal regions worldwide. 
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1. Introduction 
Shell middens are a significant component of the coastal archaeological record, but they are notoriously 
difficult to study. Shell matrix sites are often large and structurally heterogeneous with complex formation 
histories. For large stratified shell matrix sites the majority of the deposits are buried making the design of 
appropriate and representative sampling regimes challenging. Without total excavation the population from 
which the sample was taken will never be fully understood. This study addresses these challenges by 
employing ground-penetrating radar (GPR) to map the structure and boundaries of buried shell matrix 
deposits, then transforming these survey results into three-dimensional models and volume estimates of the 
deposits. This study establishes the specific methods for transforming GPR data into volume estimates and 
three-dimensional (3D) models, and tests the accuracy of these models and estimates against data generated 
via excavation. This methodology allows for characterisation of the size and shape of buried matrices, 
creating a better understanding of the population from which samples are drawn without requiring extensive 
excavation. The methodology also has implications for conservation efforts such as cultural heritage and 
community-based management plans; by creating a better understanding of buried sites without destroying 
the archaeological record in the process. 
 
2. Background 
There has been limited research bringing quantitative approaches to sampling issues in shell matrix research. 
O’Neil (1993), Poteate and Fitzpatrick (2013), and Treganza and Cook (1948) all excavated large 
proportions of shell matrix sites to establish the sampling size and strategy required to produce an accurate 
understanding of the population of the entire matrix. Bailey (1975) and Greenwood (1961) focused on how 
much excavated shell material was needed to be analysed in detail to characterise the overall sample 
accurately. The results of these studies varied significantly, illustrating just how difficult it is to create 
sampling regimes which appropriately characterise shell matrix sites, and how different research aims can 
have a significant impact on what constitutes an ‘appropriate’ sample. All of the studies emphasised that the 
samples they found necessary to accurately characterise the site being examined were not necessarily 
suitable for other sites. These prior approaches do not create a secure basis for addressing sampling issues in 
shell matrix research; this study suggests new approaches need to be established. 
 
The most significant challenge in designing appropriate sampling regimes is in understanding the full scope 
of the buried matrix. Only three studies have attempted to calculate the total volume of buried shell matrix 
deposits (Shenkel 1986; Sorant and Shenkel 1984;Treganza and Cook 1948), but these studies failed to 
determine the extent of the buried deposits without full excavation. Total excavation of shell matrix sites is 
undesirable both in terms of expenditure and destruction of the archaeological record. However, the issue of 
establishing buried deposit boundaries without total excavation can be addressed via the exploratory 
capabilities of geophysical surveys. 
 
To date there have been few applications of geophysical surveys in shell matrix research. An extensive 
literature review of the application of geophysical surveys to the investigation of shell matrix sites found 
only 23 papers (Table 1) representing 18 case studies (three of the case studies were represented in multiple 
published papers). These 23 articles included three geological studies (Dougherty and Dickson 2012; Neal et 
al. 2002; Weill et al. 2012) and 16 archaeological case studies. The geophysical methods employed included 
GPR, magnetometry, electrical resistivity, magnetic susceptibility, seismic refraction, electromagnetic 
induction (EM) and terrestrial laser scanning (TLS). While multiple studies addressed locating buried shell 
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deposits, features within the deposits and site formation, none used the geophysical methods to create three-
dimensional models of the deposits and only the Larsen et al. (2017) study quantified the deposits. However, 
to quantify the deposits Larsen et al. utilised TLS (also called terrestrial LiDAR) which is limited, in that it 
cannot differentiate between shell matrices and surrounding deposits nor can it characterise buried deposits; 
only the mounded matrix above the surrounding ground plane. 
 
Beyond shell matrix research, there have been efforts to create volume estimates for buried matrices from 
geophysical survey results. However, only one of these can be tied to archaeological research (Kristiansen 
2013). The current study found the processing steps detailed by Kristiansen (2013) to be an invaluable 
insight into how to transform geophysical data into volume estimates and 3D models in ArcGIS. 
Kristiansen’s methods were used as the basis for the methods employed in this study (detailed in Section 3.5) 
which were then altered and expanded where required. 
 
Aside from the paper by Larsen et al. (2017) employing TLS these volume estimate studies have all 
employed GPR and electrical resistivity (Table 2). Of the papers reviewed, only four studies verified the 
results via independent methods while only seven provided error margins on their estimations (with two of 
the papers doing both). Navarro et al. (2014) present one of the most thorough error estimations, from which 
they concluded that the error margin on the volume estimates for the glaciers studied amounted to 4–8% of 
the total volume. Baojuan et al. (2015) and Wang et al. (2014) examined at system error and determined low 
ranges (1.18% and 1.2–5% respectively). Ai et al. (2014) and Binder et al. (2009) both reported significant 
errors (20–50%) in their kriging interpolation (a common statistical technique for modelling interpolated 
values) due to sparse data sets and errors in spatially locating the survey results. 
 
3. Materials and Methods 
3.1 Geophysical Survey 
The survey was conducted at the large archaeological shell matrix complex of Thundiy on the northern end 
of Bentinck Island in the southern Gulf of Carpentaria, Queensland, Australia (Figure 1). Ground 
reconnaissance survey and previous excavations determined that the cultural deposits present at Thundiy 
extend for approximately 4km along a beach ridge to a depth of approximately 40cm. The main surface 
deposits are on the crest and seaward side of the beach ridge (Moss et al. in press; Nagel et al. 2016; Peck 
2016). Surface scatters of shell material, however, are visible extending from the high tide mark up to 150m 
inland. With 4km of deposits reaching up to 150m inland and to depths of 40cm the overall shell matrix 
could potentially comprise up to 240,000m³ of shell material. 
 
A MALÅ GeoScience GPR was employed, utilising a 500MHz shielded antenna with the Ramac XV 
monitor and the X3M control box. During the survey, the GPR system was standardly set with the number of 
samples at 1016 and the trace stacking set to four. The antenna and the settings employed were chosen based 
on knowledge of the survey site gained through prior excavation. 
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Table 1. Summary of geophysical studies investigating shell matrix sites, by geophysical technique. 
Publication Magnetometry Magnetic  
Susc. 
EM GPR Electrical 
Res. 
Other  
Arias et al. (2017) x      
Arnold et al. (1997) x   x   
Bērziņšet al. (2014) x   x   
Chadwick and Madsen (2000)    x   
Connah et al. (1976) x x     
Dalan et al. (1992) x    x x  (Seismic 
Refraction) 
Dougherty and Dickson (2012)    x   
Larsen et al. (2017)      x (TLS) 
Lowe (2010)     x  
Moffat et al. (2008) x  x    
Neal et al. (2002)    x   
Pluckhahn et al. (2009) x x 
Pluckhahn et al. (2010)    x x  
Pluckhahn et al. (2016)    x   
Rodrigues et al. (2009) x x  
Rodrigues et al. (2015)    x   
Rosendahl et al. (2014)  x     
Santos et al. (2009)   x    
Thompson (2007)     x  
Thompson and Andrus (2011)     x  
Thompson and Pluckhahn (2010)    x x  
Thompson et al. (2004)  x  x x x  
Weill et al. (2012)    x   
 
 
Table 2. Breakdown by geophysical technique of papers utilising geophysical surveys to create volume 
estimates. 
Publication Geological Medium GPR Electrical 
Res. 
TLS 
Ai et al. (2014) Glacier ice x   
Baojuan et al. (2015) Glacier ice x   
Binder et al. (2009) Glacier ice x   
Colucci et al. (2015) Glacier ice x   
Dickson et al. (2009) Beach sand x   
Kristiansen (2013) Perennial snow patch x   
Larsen et al. (2017) Shell matrix   x 
Navarro et al. 2014 Glacier ice x   
Nowroozi et al. (1997) Gravel deposits  x  
Prinz et al. (2011) Glacier ice x   
Rucker et al. (2011) Dredgable river sediments  x  
Sambuelli and Bava (2012) Lake water x   
Tetegan et al. (2012) Rock fragments  x  
Van Heteren et al. (1996) Beach sand x   
Wang et al. (2014) Glacier ice x   
Yde et al. (2014) Glacier ice x   
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Three geophysical transects were established using a Real Time Kinematic (RTK) surveying system (Figure 
1). Two adjacent transects (Transect A and B) were laid out along the ridgeline for 120m while Transect C 
crossed Transects A and B at right-angles, running inland for 160m. Each transect was laid out in 5m² 
squares: each transect measured one square (5m) wide, while Transects A and B were 24 squares long and 
Transect C was 32 squares long. This transect design allowed for strict grid control and for the survey to 
incorporate the inland and seaward boundaries of the site, while also covering the locations of the prior 
excavations; which ran parallel to the sea along  the beach ridge. These choices were made under the 
constrictions of limited field time at a very remote site so the full length of the shell deposit along the 
ridgeline, approximately 4km based on surface scatters of shell, was not established via geophysical survey. 
 
Survey lines were run the full length of Transects A-B and for 155m of the 160m Transect C; the survey 
started 5m in from the seaward end of the transect to avoid pandanus palms. String lines were run every 1m 
to 1.5m as survey guides along the transects. Survey lines were run every 50cm. Prior to survey, the site was 
hand cleared using secateurs and cane knives to remove as much of the vegetation (mostly grass clumps) as 
possible. The remaining stubble was low enough to create a relatively smooth surface for the GPR to run 
over, this was done to reduce coupling loss and coupling changes. 
 
3.2 Excavation 
Previous excavations provided information concerning the chronostratigraphy of the midden deposit at 
Thundiy. Excavation squares (Squares A, B and C) had been placed along the ridge line down what was 
considered to be the main body of the shell deposit based on a visual site inspection of the surface (Figure 1). 
The geophysical grid was placed over these squares to take advantage of the stratigraphic information they 
provided. Further excavation was also undertaken at the edges of the shell matrix deposits with two more 
squares (Squares D and E) placed within geophysical Transect C beyond the main body of the deposit, but in 
locations where shell material was still visible on the surface (Figure 1). 
 
The three original excavations (Squares A-C) revealed remarkably similar deposits along the ridge (Figure 
2). The squares were excavated to approximately 60cm, and each consisted of a layer of dense cultural shell 
at the surface overlaying natural beach ridge deposits with a basal layer of consolidated beachrock material 
(Nagel et al. 2016). Stratigraphic Unit I (SUI) represents the dense cultural shell matrix present at the surface 
exhibiting well-preserved cultural shell material including charcoal fragments, stone artefacts and bone 
fragments in a dark brown humic sediment. This layer extends from the surface to 15cm for Square A, 35cm 
for Square B and 27cm for Square C (Nagel et al. 2016). SUIIa and SUIIb represent a transitional zone 
exhibiting a mixing of cultural shell material with underlying natural shell deposit material. SUIIa is 
characterised by a continuation of the dark brown humic sediment present in the cultural matrix but with 
decreasing shell material; this layer ranges in thickness from 15cm in Square A, and 5cm in Square B to 8cm 
in Square C. SUIIb exhibits a less humic sediment considered to be non-cultural in origin, containing 
numerous pisoliths and small (<10mm) gastropods indicative of natural beach ridge deposits. SUIII 
represents sandy beach ridge material composed of shell grit with pebble and coral inclusions in a medium-
grained siliciclastic sand (Nagel et al. 2016). Chunks of consolidated beachrock were found towards the base 
of the excavations. 
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Figure 1. (A–B) The South Wellesley Islands, southern Gulf of Carpentaria, Australia, showing the 
location of Thundiy on the north coast of Bentinck Island. (C) Topographic map of the central area of 
Thundiy indicating the location of excavation squares A–E (solid squares) and GPR Transects A-C 
(open rectangles). (D) Cross-section X–Y (as shown in C). Elevations are relative to Australian Height 
Datum (AHD). 
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Figure 2. Thundiy sections diagrams for (A) Square A, (B) Square B and (C) Square C.  
 
  
9 
 
The excavated squares situated at the edges of the midden, Squares D and E, were considerably different to 
Squares A, B and C. Square D revealed a mix of cultural midden and natural beach ridge material (SUI) over 
a pisolith and small gastropod-rich beach ridge deposit (SUII and SUIII) terminating in a bowl-shaped 
structure in the beachrock (Figure 3). The bowl-like feature in the rock began at 33.6cm below the ground 
surface and continued to a depth of 55.8cm. 
 
Figure 3. Thundiy sections diagram for Square D. 
 
Square E was placed well beyond the edge of the main midden deposits, but in an area where small amounts 
of shell material were still visible in low densities on the surface. Square E,a 1m by 1m shovel test pit, 
confirmed that the shell material present on the surface was not related to buried midden deposits (Figure 4). 
The excavation revealed very sparse cultural shell in a humic layer at the surface (SUI) to about 25cm, below 
which was iron-rich red sands (SUII to SUV) with increasing pisolith numbers from 60cm the base of the 
square at 115cm (SUIII, SUIV and SUV). 
 
Figure 4. Thundiy sections diagram for Square E. 
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3.3 AMS Radiocarbon Age Determinations 
Radiocarbon dating showed consistent chronostratigraphic relationships between excavations for Squares A 
to C (see Nagel et al. 2016 for full details of radiocarbon determinations). Surface deposits (SUI) dated to 
around 130 cal BP, with dates below ranging back to 700–800 cal BP for the lower cultural deposits (SUI 
and SUIIa). Below 40cm (SUIIb) there is a sharp stratigraphic disjunction where the cultural deposits end 
and the dates for the underlying natural deposits jump to 4000–5000 cal BP. Based on these dates, the 
cultural shell deposits for Thundiy represent a recent initiation of cultural occupation on a much older land 
surface, with the natural beach ridge deposits having been formed >3,000 years prior. The shell embedded in 
the beachrock of Square D gave a slightly older age of approximately 5334 cal BP (see Nagel et al. 2016). 
 
3.4 Survey Data Processing 
For processing, the MALÅ files were imported into Reflexw. The files were initially time-cut to the top 
100ns to remove extraneous depth. Further data processing proceeded in this order: subtract mean (also 
called dewow), static correction, manual gain (y), background removal, a bandpass filter (butterworth). 
Then a Kirchhoff 2D-velocity migration and a time-depth conversion were completed based on a hyperbola 
(or velocity) adaption. As the final processing step, the reflection profiles were topographically corrected. 
With the files fully processed the pick function in Reflexw was used to mark planar reflections in the profiles 
that correlated with the shell matrix deposit boundaries as established through excavation. A summary of the 
data processing workflow appears in Figure 5. 
 
 
Figure 5. Data processing workflow for GPR survey data. 
Import GPR survey 
data into Reflexw
Time cut
Subtract-mean
Static correction
(move to negative) Manual gain (y)
Background removal
Bandpass 
(Butterworth)
Migration 
(Kirchoff 2D)
Migration 
(time/depth 
conversion)
Correct 3D 
Topography 
Pick the interface 
between deposits and 
export each interface as 
a separate set of picks 
Georeference picks and 
import into ArcScene
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The GPR results for Transects A and B show four distinctive planar reflections of high amplitude between 
the top of the profile down to 80cm which is c.60cm from the ground surface (Figure 6, see also 
Supplementary Data for full profiles and for the full dataset see: 
http://dx.doi.org/10.4225/28/584755108d3dc). These reflections match the cultural shell deposits observed in 
stratigraphic units SUI and SUIIa of Squares A to C (Figure 7). The planar reflections at the surface are 
interpreted as representing the cultural shell matrix present on site, and the base reflection in this series of 
reflections was ‘picked’ (Supplementary Data). In Transects A and B a separate high amplitude planar 
reflection off a subsurface linear interface is visible in the profile at approximately 110cm depth (or 90cm 
below the ground surface). This second planar reflection is located in the region of the basal beachrock 
present below sedimentary unit SUIII and was interpreted as representing this feature. This reflection was 
‘picked’ as a separate layer, and both layers were exported to Microsoft Excel where ‘picks’ were assigned 
georeferenced coordinates based on information generated from ArcMap before being exported to ArcGIS 
for the creation of volume estimates and 3D models. 
 
 
Figure 6. Detailed view of Thundiy GPR Line 3 of Transect A-B, from 0m–12m. 
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Figure 7. Comparison of stratigraphic units with GPR reflection profiles from the same location; 
horizontal scale has been greatly exaggerated for the sections diagrams so that an accurate vertical 
scale could be achieved. (A) Square A, (B) Square B and (C) Square C. 
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The results for Transect C were less distinctive (Figure 8). There was no clear difference in Transect C 
between the cultural deposits and the beachrock, so a single deposit was ‘picked’. The high amplitude planar 
response present in the results for Transect C extends to c.100cm in depth from the ground surface and was 
interpreted as including all deposits above the beachrock, consistent with the interpretations of Transects A 
and B. The main body of the feature appears to end at approximately 40m along the transect (Supplementary 
Data). The ‘picks’ for this deposit were exported to Microsoft Excel where they were georeferenced, then 
exported to ArcMap. Beyond this first 40m, intermittent areas of high amplitude response are visible, at 42–
54m and particularly at 65–75m and again from 120m to the end of the profile (Supplementary Data). The 
high amplitude responses visible in the profiles from 42–54m and from 120–155m were interpreted to be the 
result of tree roots as there were several large trees mapped adjacent to Transect C in these locations. The 
high amplitude response from 65–75m is noteworthy, however, as there were no significant trees in this area 
though there was a patch of dense shell material at the surface. This anomaly also exhibits a sloping planar 
interface dipping away from the high amplitude response at the surface. This sloping interface may be a 
potential palaeosurface, though excavation would be required to confirm this interpretation. 
 
   
Figure 8. Thundiy GPR Line 1 of Transect C. (A) Un-interpreted profile and (B) Interpreted profile. 
The red line marks the high amplitude planar anomaly representing the shell matrix and beachrock 
combined which ends at around 40m along the profile. 
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3.5 Three Dimensional Data Processing 
This study found that the range of processing software available for GPR data allows for the creation of 3D 
volumes for the full survey results but not for the isolation of individual deposits. In order to create volume 
estimates and 3D models of individual deposits, within the GPR data, another processing software had to be 
sourced. The literature review conducted for this study discovered only one reference for creating 3D models 
and volume estimates from GPR data; which was Kristiansen’s (2013) Master’s thesis. Kristiansen employed 
the ArcGIS software suite (ArcScene and ArcMap) to model the results. This study adopted the basic 
procedure from Kristiansen and then relied on Esri help forums to trouble shoot and fill in any gaps in the 
methods. 
 
Calculating a volume estimation for the deposit required both ArcMap 10.2.1 and ArcScene 10.2.1 to 
complete different functions required for mapping the deposits (Figure 9). As the RTK was not connected to 
the GPR during the survey, survey lines were manually georeferenced to locate them accurately within the 
survey grids in ArcGIS. Thundiy had been mapped extensively with an RTK. The RTK points were imported 
into ArcScene and used to create a triangulated irregular network (TIN) of the surface topography of the site. 
A second and third TIN (where more than one boundary was being represented) were created based on the 
deposit boundaries as delineated in the geophysical survey results. The TINs were then used to create volume 
calculations and 3D polygon models of the buried deposits. Unfortunately, these 3D images cannot be 
exported from ArcScene with a scale bar, north arrow or key as ArcScene (unlike ArcMap) has no layout 
view. 
 
Figure 9. Data processing workflow for ArcGIS and ArcScene. 
Import RTK 
points (mapping 
the surface 
topography) into 
ArcMap
Create extra 
georeferenced 
points where 
required to locate 
geophysical 
survey lines and 
individual 'picks' 
(these will have x 
and y data but no z 
data yet)
Import the RTK 
points and the 
newly created 
georeferenced 
points into 
ArcScene
Using the RTK points 
create a TIN of the surface 
topography then use the 
TIN to add surface 
information (z values) to 
the georeferenced points
Utilise the created 
georeferenced points and 
any relevant RTK points to 
topographically correct 
geophysical survey results in 
Reflexw
Export fully processed survey 
results from Refexw into 
Microsoft Excel and add any 
additional data (such as 
georeferenced points from 
ArcMap) then export as a CSV 
file
Import CSV files 
of survey results 
into ArcScene and 
create TINs of the 
top and bottom of 
the deposit 
boundaries
Calculate surface 
difference 
between TINs to 
create volume 
estimations of 
each deposit
Use TINs in 
conjunction with 
the extrude 
between polygon 
tool to create a 
3D model of the 
deposit
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To check the volume estimates created from the survey results against the real site conditions, the modelled 
estimates for Squares A to C were compared to estimates produced from the excavated material. The cultural 
shell volume for the excavated material was calculated for each excavation square as the volume of a cube 
(50cm x 50cm x depth of shell deposit), with the deposit depth based on observations of the shell content. 
This estimation is an approximation as the base of the deposits were not perfectly square. The majority of 
cultural shell material was recovered in the top 36cm for Square A, 37cm for Square B and 30cm for Square 
C (Peck 2016:125). The total shell matrix (cultural and natural) for the excavation squares could only be 
calculated to the base of the excavations, which ended at 61cm for Square A, 60.8cm for Square B, and 60cm 
for Square C. For Square D, the curved basin in the beachrock meant the excavated volume had to be 
calculated by adding the volume for the top of the excavation (a rectangular prism) to the volume for the 
bottom of the excavation which most closely matched half a sphere. The excavated volume for Square D can 
be expected to be close to the actual volume, but not exact, as the basin was not an exact hemisphere. 
 
The two volume estimations (based on the excavated material and the GPR survey results) were then 
compared by calculating the difference between the two and creating a percentage error based on this 
difference (Equation 1). 
 
% error = ([actual value - experimental value] / actual value) x 100 (Equation 1) 
 
Initial results for the cultural shell in Squares A-C showed a significant difference between the two estimates 
that indicated it was possible an error had occurred (Table 3). The most obvious source of error was that the 
‘picks’ might have been inaccurately placed on the profiles. This possibility was reviewed and it was 
observed the ‘picks’ had initially been placed on the fourth and final planar reflection at the top of the profile 
which actually places the picks closer to the top of SUIII (the culturally sterile matrix) instead of at the base 
of SUIIa (see Figure 7). This fourth reflection, though it coincides with the top of SUIII is unlikely to be a 
reflection from that deposit as the gradient between it and SUIIb is gradual and unlikely to be significant 
enough to create a genuine reflection. It is more likely that this reflection is a multiple of the reflections 
above. Multiple reflections (or multiples) occur when the radar wave reflects back and forth between the 
surface and a subsurface layer (Conyers 2004:126). The volume estimate generated from the GPR survey 
compared to the excavation results indicated the ‘picks’ were off by an average of 15cm which, due to the 
scale of the profile, was the difference between the final planar reflection and the reflection directly above it 
(Figure 10). This was visually a small mistake to make, yet it had a significant impact on the results. The 
second round of ‘picks’ were created based on this information. These results were then processed in 
ArcScene, with volume estimates and 3D models generated. The results (presented in Section 4) showed a 
vast improvement in the relationships between the volume estimates made from the GPR results and those 
from the excavation. 
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Table 3. Initial Cultural shell matrix volume Thundiy, Squares A-D. 
Thundiy 
Excavation  
Cultural Shell 
Matrix Volume (m³) 
Based on GPR 
Survey Results 
Cultural Shell  
Matrix Volume (m³) 
Based on 
Excavation 
Modelling 
Compared to 
Excavated 
Volume (m³) 
Error 
Percentage  
 
Square A 0.12 0.09 +0.03 33% 
(Overestimate) 
Square B 0.13 0.09 +0.04 44% 
(Overestimate) 
Square C 0.11 0.07 +0.04 44% 
(Overestimate) 
 
 
Figure 10. Extract of Line 4 (Transects A-B) at Thundiy showing the placement of the ‘picks’ marked 
in red and the placement of the actual shell deposit marked in yellow (left). An unedited extract of 
Line 4 is provided for visual comparison (right). 
 
4. Results 
By mapping the GPR survey results for Thundiy into ArcScene (via processing in ArcMap) a 3D model of 
the shell matrix deposits for Transects A, B and C was created (Figure 11). The cultural and natural deposits 
were separated for Transects A and B but this was not possible for Transect C, and so the deposits were 
mapped together. Volume estimates were also created in ArcScene, and the total shell matrix volume for 
Transect C was calculated to be 108.27m³ while the total for Transects A and B was 1,105m³ with the 
cultural shell making up 385.92m³ of this larger deposit. Based on the results for Transect C this would bring 
the total volume estimation for the combined cultural and natural shell deposits at Thundiy down to around 
86,616m³ instead of the 240,000m³ initially estimated; as the buried matrix was found to end around 40m 
inland rather than extending the full 150m in which shell material can be seen on the surface. Based on the 
results from Transects A and B, the cultural shell volume estimation for the entire site at Thundiy would be 
c.51,455m³. 
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Figure 11. Thundiy shell matrix deposits for Transects A-B (120m by 10m) and C (40m by 5m) as 
viewed from the south-west. Transects A-B exhibit both the upper cultural deposits (tan upper layer) 
and the lower total shell deposit including both cultural and natural shell material (brown lower 
layer). The green cross underneath represents the full Transects A-B (120m by 10m) and C (160m by 
5m). 
 
The cultural shell volume estimates matched the excavation estimates from Squares B and C, while 
underestimating the deposits of Square A by 11% (see Table 4). The total shell matrix volume (cultural and 
natural shell material) based on the GPR survey significantly overestimated the deposits for Squares A, B 
and C compared to the results calculated from the excavations (Table 5). Though this is to be expected, as 
the excavations for Squares A-C reached fine sandy sediments but did not fully expose the beachrock 
thought to underlay the shell matrix, which makes these excavated estimates an underestimate of the actual 
volume by an unknown margin. In contrast, the beachrock was fully exposed for Square D and here the 
volume calculations match well, with a modelled volume of 0.22m³ compared with 0.23m³ for the excavated 
results. The results for Square D thus indicate that the volume estimations calculated from the GPR survey 
results may be closer to the actual in-ground matrix than the excavated volume estimations from Squares A-
C indicate. 
 
Table 4. Cultural shell matrix volume Thundiy, Squares A-D. 
Thundiy 
Excavation  
Cultural Shell 
Matrix Volume (m³) 
Based on GPR 
Survey Results 
Cultural Shell  
Matrix Volume (m³) 
Based on 
Excavation 
Modelling 
Compared to  
Excavated 
Volume (m³) 
Error 
Percentage  
 
Square A 0.08 0.09 -0.01 11% 
(Underestimate) 
Square B 0.09 0.09 0.0 0% 
Square C 0.07 0.07 0.0 0% 
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Table 5. Total shell matrix volume Thundiy, Squares A-D. 
Thundiy 
Excavation  
Total Shell Matrix 
Volume (m³) 
Based on GPR 
Survey Results 
Total Shell Matrix 
Volume (m³) 
Based on 
Excavation 
Modelling 
Compared to 
Excavated 
Volume (m³) 
Error 
Percentage  
 
Square A 0.22 0.15 +0.07 46% 
(Overestimate) 
Square B 0.24 0.15 +0.09 60% 
(Overestimate) 
Square C 0.23 0.15 +0.08 53% 
(Overestimate) 
Square D 0.22 0.23 -0.01 4% 
(Underestimate) 
 
Confidence intervals were calculated for the mean error percentages exhibited for the volume estimates (all 
confidence intervals presented have been rounded to the nearest 0.5%). These confidence intervals were 
produced using Equation 2 and were calculated for a 95% confidence level. 
 
തܺ േ ݐ ௦√௡																									(Equation 2) 
 
The confidence intervals on the error margins produced by the Thundiy results are 3.5%±7% (a range of -
3.5% to 10.5%) or 19.5%±17% (2.5% to 36.5%) if the original misplaced ‘pick’ results for the cultural shell 
of Squares A-C are included. The error percentages for the total shell matrix for Squares A to C were 
excluded from these calculations as they were not accurately verified by excavation (with the excavation 
ending before fully exposing the beachrock). The upper range of the error margin (10.5%) was applied to the 
volume results to produce a volume range more likely to include the true shell matrix volume. For this case 
study, that meant that the true volume results for the total Transect C deposit should fall within a range of 
108m³±11.5m³ while the cultural shell for Transects A and B should be within 386m³±40.5m³, and the total 
shell deposit within 1,105m³±116m³. So the overall cultural shell for the larger site at Thundiy should fall 
within 51,455m³±5,403m³. However, the original misplaced ‘picks’ show how the error values of the volume 
results can increase greatly. Where the volume results have not been verified via excavation, it would be 
more conservative to apply a confidence interval based on an error of 36.5%. 
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5. Discussion 
GPR accurately characterised the buried shell deposits at Thundiy and provided the basis for 3D models 
closely matching the in-ground deposits. The volume estimates for Square D and the cultural shell matrix of 
Squares A-C were highly accurate once the initial misplacement of ‘picks’ had been corrected. The full 
(cultural and non-cultural) shell matrix for Squares A-C overestimated the shell deposit compared to the 
excavated results (by an average of 53%). However, this was owing to the excavation squares not fully 
exposing the beachrock at the base so an overestimation was expected and the accuracy of these results 
cannot be fully evaluated. 
 
Prior research focusing on creating volume estimates from geophysical surveys accounted for estimates of 
system and data acquisition error. System error has been reported as relatively low, with error estimates 
lower than 10% (Baojuan et al. 2015; Navarro et al. 2014; Wang et al. 2014), while data acquisition error can 
be significant, amounting to error ranges from 20–50% (Ai et al. 2014; Binder et al. 2009;). This case study 
found that when correctly interpreted, the survey results can produce accurate volume estimates with an error 
range of only ±10.5% – higher than, but close to the error estimates of system error calculated by prior 
studies. Interpretation error was found to be the major source of error in this study. If the results were not 
archaeologically tested this error might have gone undetected, therefore it would be advisable where the 
results have not been  verified via excavation to employ an error range of ±36.5%; a similar error value to 
those created by prior research experiencing data acquisition errors. 
 
The results of this study highlight the importance of excavation verification and detailed stratigraphic 
analysis to the interpretation of modelled outcomes. The significant error between the modelled volume 
estimates produced for the cultural shell of Transects A and B and those from excavation highlighted the 
potential existence of an error in the modelled results. The detection of this error meant that the ‘picks’ could 
then be re-evaluated and the source of the error identified. This particular error was in the interpretation of 
the data, but with extensive and complex datasets it could have been an error incorporated during data 
conversion or collection. Detection of the error meant the results could then be reinterpreted, in this case re-
picked, and the volume estimates and 3D models corrected. 
 
Due to the nature of the methods employed in this research, with points interpolated via TIN models and 
with deposit boundaries ‘picked’ by visual interpretation, which is open to variation, the resulting 3D models 
and volume estimates are not a fully accurate reflection of reality. The results from this case study show how 
volume estimates can quickly become inaccurate by a significant margin due to misinterpretation. While 
inaccuracies were experienced with the volume estimates, the results produced were always broadly 
representative of the reality of the deposits thus providing useful information and at times even being highly 
accurate. The 3D models were also accurate enough to provide important information about the deposits, 
with the results producing interpretable models of the shape and structure of the buried matrix. 
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6. Conclusions 
This case study showed that it is possible to create volume estimates and 3D models of buried shell matrix 
deposits based on geophysical survey data. Prior efforts to estimate the volume of a buried matrix from GPR 
data highlighted specific methods for doing so. Of particular use was Kristiansen’s (2013) Master’s thesis 
which detailed the process of creating volume estimations and 3D models of buried matrices in ArcGIS, 
based on GPR survey data. The methods detailed in Kristiansen’s work formed the basis of the methods 
employed for this research. 
 
The methodology successfully created volume estimates and 3D models of buried shell matrices. The total 
GPR error margin on the volume estimates, was only 16%±11%; this includes the erroneously placed ‘picks’ 
but discounts the full shell deposit results for Squares A-C (as they were not verified by excavation). Without 
the incorrectly placed ‘picks’ from Thundiy, the error margin falls to 3.5%±7%. It would be advisable, 
however, to apply the larger error range of 19.5%±17% as a more accurate representation of the actual error 
range on the GPR volume estimates. When used in conjunction with archaeological excavation this method 
provides a detailed understanding of the overall population from which the excavated samples were taken, 
thereby improving shell matrix research. These results illustrate that geophysical surveys can successfully 
produce information about shell matrix sites. 
 
While this methodology was mainly developed to aid in creating appropriate sampling regimes for 
excavation, it could be further used to gain a greater regional understanding of shell matrix sites and to aid in 
conservation and management plans where applicable. Comparative regional studies would gain from a 
greater understanding of the size, shape and character of buried deposits which would enhance the 
characterisation of different site types for a region. By combining the geophysical survey results with limited 
excavation from which radiocarbon dates are obtained, changes in shell midden sizes and frequency, both 
spatially and temporally, can be investigated thereby providing insight into site formation, spatial 
organisation and the built environment. For conservation efforts and management plans, the more we can 
learn about buried deposits using non-invasive technologies, the better ‘best practice’ management strategies 
we can generate for the preservation and protection of them. Further, we can develop models and maps from 
this analysis to assist in site management and monitoring. Such maps and models could be used as a baseline 
so that if significant damage occurs to a shell matrix site, it could be re-mapped and the new data compared 
to the old to create a quantitative measure of the amount of shell matrix lost.     
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Supplementary Data 
Thundiy GPR Line 3 of Transect A-B; this line was located in Transect A. 
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Line 3 showing the ‘picks’ marking the lower boundary of the cultural shell deposit. 
 
 
Line 3 showing the ‘picks’ marking the upper boundary of the beachrock deposit; where tree roots obscured the deposit from 10-12m the location of the 
deposit boundary was estimated.   
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Thundiy GPR Line 5 of Transect C. 
 
 
Line 5 showing the ‘picks’ marking the shell matrix deposit above the beachrock. 
 
 
